One of the most successful means of protecting structures against severe seismic events is base isolation. However, optimal design of base isolation systems depends on the magnitude of the design level earthquake that is considered. The features of an isolation system designed for an El Centro-type earthquake typically will not be optimal for a Northridge-type earthquake and vice versa. To be effective during a wide range of seismic events, an isolation system must be adaptable. To demonstrate the efficacy of recently proposed ''smart'' base isolation paradigms, this paper presents the results of an experimental study of a particular adaptable, or smart, base isolation system that employs magnetorheological ͑MR͒ dampers. The experimental structure, constructed and tested at the Structural Dynamics and Control/Earthquake Engineering Laboratory at the Univ. of Notre Dame, is a base-isolated two-degree-of-freedom building model subjected to simulated ground motion. A sponge-type MR damper is installed between the base and the ground to provide controllable damping for the system. The effectiveness of the proposed smart base isolation system is demonstrated for both far-field and near-field earthquake excitations.
Introduction
Seismic base isolation is one of the most successful techniques to mitigate the risk to life and property from strong earthquakes ͑Skinner et al. 1993; Naeim and Kelly 1999͒. In base isolation systems, nonlinear devices such as lead-rubber bearings, frictionpendulum bearings, or high damping rubber bearings are often used. The benefit of these types of bearings is that the restoring force and adequate damping capacity can be obtained in one device. However, because the dynamic characteristics of these devices are strongly nonlinear, the vibration reduction is not optimal for a wide range of input ground motion intensities. The features of an isolation system designed for an El Centro-type earthquake typically will not be optimal for a Kobe-type earthquake and vice versa. Indeed, the effectiveness of many passive base isolation systems has been questioned for near-source, high-velocity, long period pulse earthquakes ͑Hall et al. 1995; Heaton et al. 1995͒ .
Because the performance of highly sensitive equipment in hospitals, communication centers, and computer facilities can be easily disrupted by moderate acceleration levels and even permanently damaged by higher excitations ͑Inaudi and Kelly 1993͒, efforts have turned toward the use of isolation for protection of a building's contents. For example, base isolation systems have been employed in a semiconductor facility in Japan to reduce microvibration from a nearby high-speed train rail ͑Furuhashi et al. 1998͒ . Recent revisions to the Uniform Building Code ͑ICBO 1997͒ mandate the accommodation of larger base displacements and the consideration of a stronger maximum credible earthquake ͑MCE͒, indirectly suggesting the need for supplemental damping devices. However, the addition of damping to minimize base displacements may increase both internal deformation and absolute accelerations of the superstructure, thus defeating many of the gains for which base isolation is intended ͑Naeim and Kelly 1999͒. In general, protection of the contents of a structure is achieved through minimization of structural accelerations.
Seeking to develop isolation systems that can be effective for a wide range of ground excitations, hybrid control strategies, consisting of a passive isolation system combined with actively controlled actuators, have been investigated by a number of researchers ͑e.g., Kelly et al. 1987; Inaudi and Kelly 1990; Nagarajaiah et al. 1993; Yang et al. 1996; Nishimura and Kojima 1998͒ . The advantages of hybrid base isolation systems are high performance in reducing vibration, the ability to adapt to different loading conditions, control of multiple vibration modes of the structure, and so on. Several small-scale experiments have been performed to verify the effectiveness of this class of systems in reducing structural responses. Inaudi and Kelly ͑1990͒ investigated active base isolation of a four-story building model employing an electrohydraulic actuator. Nagarajaiah et al. ͑1993͒ applied this idea to a bridge model with steel and Teflon bearings and a hydraulic actuator. Yang et al. ͑1996͒ examined sliding mode controllers for a four-story base-isolated building model employing a hydraulic actuator. However, such active control devices typically require a large external power supply during extreme seismic events. Moreover, active systems have the additional risk of instability.
Another class of hybrid base isolation systems employs semiactive control devices, often termed ''smart'' dampers. Semiactive systems have the capability of adapting to changes in external loading conditions, similar to the active protective system, but without requiring access to large power supplies. Feng , 1996 Makris 1997; Johnson et al. 1999; Symans and Kelly 1999; Yoshida et al. 1999; Ramallo et al. 2000a,b; Yang and Agrawal 2001͒ . Nagarajaiah et al. ͑2000͒ experimentally showed the effectiveness of semiactive base isolation for a single span bridge model using MR dampers. Several shaking table tests were also conducted with smart dampers in base-isolated building models ͑Madden et al. 2000; Sahasrabudhe et al. 2000͒ . However, systematic experimental comparison with an optimal passive damping system has not been investigated, nor has the performance of these systems been considered for various ground motion intensities.
This paper experimentally investigates smart base isolation strategies employing MR dampers for protection of building structures. The experimental structure, constructed and tested at the Structural Dynamics and Control/Earthquake Engineering Laboratory at the Univ. of Notre Dame, is a base-isolated twodegree-of-freedom building model. The sponge-type MR damper used in this study has a particularly simple design. A clippedoptimal control strategy is used to reduce structural acceleration, while maintaining base drifts within an acceptable limit. To demonstrate the efficacy of this system, responses due to simulated ground motions with several intensities are presented. The effectiveness of the proposed smart base isolation system is demonstrated through comparison with optimal passive dampers for both far-field and near-field earthquake excitations.
Experimental Setup
In this section, the experimental setup of the smart base isolation model is presented. Experiments were conducted on the shaking table at the Structural Dynamics and Control/Earthquake Engineering Laboratory ͑SDC/EEL͒ at the Univ. of Notre Dame. The uniaxial earthquake simulator consists of a hydraulic actuator/ servo-valve assembly that drives a 122ϫ122 cm 2 aluminum slip table mounted on high-precision, low-friction linear bearings. The capabilities of the simulator are Ϯ5.1 cm maximum displacement, Ϯ89 cm/s maximum velocity, and Ϯ4 g maximum acceleration with a 454.5 kg test load. The operational frequency range of the simulator is nominally 0-50 Hz.
The test structure shown in Figs. 1 and 2 is a two-mass model supported by laminated rubber bearings. This model represents a five-story prototype structure with an isolation period of 2 s. The first mass (m 1 ϭ10.5 kg) corresponding to the isolation base of the structure consists of a 32ϫ32ϫ2.5 cm 3 aluminum plate. The second mass (m 2 ϭ57.5 kg) represents a single-degree-offreedom ͑one-mode͒ model of the superstructure and consists of one 32ϫ32ϫ2.5 cm 3 steel plate and two 30ϫ32ϫ2.5 cm 3 steel plates. Twenty-layer laminated rubber bearings are employed as isolators at each of the four corners of the base. Each layer consists of three neoprene rubber disks with a height of 0.3 cm and a diameter of 1.1 cm attached to a 10.2ϫ7.7ϫ0.1 cm 3 steel plate. The experimentally verified shear modulus of the neoprene rubber is 0.11 N/mm 2 . Because the vertical stiffness of the isolation bearings is relatively low, a linear guide is installed below the base to restrict vertical and torsional motion. The top mass, m 2 , was then mounted on two-layer laminated rubber bearings and attached to the lower mass, m 1 . This approach keeps the center of gravity of the structure low, minimizing overturning moments in the model. Therefore, only the horizontal motion of the base and the structure is considered in this experiment.
Capacitive accelerometers are installed in the horizontal direction on the base mass m 1 and the upper mass m 2 . A piezoelectric accelerometer is also attached in the horizontal direction on the shaking table. The base displacement is determined by taking the difference between the output of the laser displacement sensor measuring the absolute displacement of the base and the LVDT measuring the shaking table displacement.
An MR damper is attached between the base and the table to control the response of the structure. As shown in Fig. 3 , this MR damper employs absorbent foam saturated with the MR fluid. The force generated by a MR damper is controlled via a current driver. The characteristics of the damper are Ϯ3.5 cm maximum stroke, 50 N maximum force with a current of 0.5 A. The applied force generated by the MR damper is measured by a piezoelectric load cell.
Digital control is achieved by a dSPACE control system, which uses a Texas Instruments TMS320C40 DSP chip and I/O boards with 16-bit A/D and D/A converters. Discrete-time controllers are implemented in SIMULINK-based coding software. The sampling rate is set to 1 kHz.
The similitude relations between the model and the prototype structure for time scale, mass, and length are
where t, m, and xϭtime, mass, and length, respectively, in the prototype structure, and the primed quantities are those for the model structure ͑Szucs 1980͒. Table 1 shows the similitude relations for the experimental model.
Control Design Model
A two-degree-of-freedom model of the structure is employed for the purpose of control design. The behavior of both the structure and the isolation bearings is assumed to be linear. The state space representation of the equation of motion for the linear base isolation system as shown in Fig. 4 is given by
where x 1 and x 2 ϭdisplacement of the base and structure relative to the ground, respectively; f and x g ϭcontrol force applied by damper and the absolute ground displacement, respectively; and m 1 , m 2 , k 1 , k 2 , c 1 , and c 2 ϭmass, stiffness, and damping coefficients for the base and the structure. The optimization for these parameters was performed using the multi-input-multi-output identification method ͑Ramallo et al., unpublished work͒ based on the Nelder-Mead simplex algorithm ͑Coleman et al. 1999͒, which is available in MATLAB. 
The parameters of the MR damper model were identified by Ramallo et al. ͑unpublished͒ to be Aϭ1, nϭ1, ␥ϭ␤ ϭ58.662 cm Ϫ2 , and c 0 ϭ0.3327 N s/cm. A small time lag exists between the command and the damper force due to the inductance in the coil in the damper's electromagnet and the time constant of the fluid. This lag is modeled with a first-order filter between the control voltage and the parameter ␣ ͑N/cm͒ representing the damper yield level given by
where ϭ2ϫ11.0 (rad/s); p 1 ϭ3111.7 (N/cm/V); and p 2 ϭ161.47 (N/cm). The effectiveness of this numerical model for representing the dynamic behavior of the MR damper is verified in Ramallo et al. ͑unpublished͒.
Optimal Passive Base Isolation System
As the baseline to evaluate the effectiveness of the smart base isolation system, a passive base isolation system employing the MR damper subjected to a constant current is experimentally examined. Note that because the MR damper operating at a constant current behaves like a yielding device, this passive isolation system can be viewed as approximation the response of a base isolation system with lead rubber bearings. The NS component of the El Centro earthquake with two intensities is considered, as well as the NS component of the JMA Kobe earthquake record. Fig. 6͑a͒ shows the maximum acceleration response due to the strong El Centro earthquake. The maximum ground acceleration is 0.2 g, which corresponds to 0.45 g for the prototype structure. A constant current of 0.25 A is optimal for reducing the maximum acceleration of the structure. This design is considered the optimal passive against which the smart base isolation strategies are compared.
Although the passive isolation system performs well for the large-amplitude ground motion, as shown in Fig. 6͑b͒ , this damping level is not optimal for reducing structural acceleration due to more moderate earthquakes. Here, the structure is subjected to the El Centro earthquake scaled to have a maximum ground acceleration of 0.07 g, which corresponds to 0.2 g for the prototype structure. Fig. 7 shows the maximum base displacement due to both the strong and moderate earthquakes. To reduce base displacement, the constant current applied to the MR damper should be large. Generally speaking, to concurrently reduce base displacement and structural acceleration is difficult past a certain level of reduction.
In the next section, the design of a smart base isolation system is considered that can effectively achieve reduction in base displacements and structural accelerations during a broad range of earthquake intensities. 
Smart Damping Strategy
Because smart damping devices such as MR dampers have highly nonlinear characteristics, a number of different control strategies have been proposed. Dyke and Spencer ͑1997͒ compared several control algorithms appropriate for a MR damper and concluded that a clipped-optimal controller with a bang-bang force-tracking scheme is most suitable for this class of damper. This clippedoptimal controller employs a desired optimal control force that is determined using linear optimal control design strategies ͑e.g., H ϱ , H 2 /LQG, -synthesis, etc.͒, and then subsequently clips the force to accommodate the intrinsic dissipative nature of smart damping devices.
For the experiment described herein, a clipped-optimal controller employing the H 2 /LQG strategy ͑Dyke et al. 1996͒ is used to reduce structural responses. Spencer et al. ͑2000͒ and Ramallo et al. ͑2000a,b͒ showed through simulation that this approach is effective for smart base isolation systems. The basic concept of this methodology is shown in Fig. 8 and described in the following paragraphs.
For purposes of control design, the input excitation is modeled as a filtered white noise. The excitation shaping filter is written in state space form as
where wϭscalar white noise excitation. Combining Eq. ͑7͒ with Eq. ͑2͒, the augmented system becomes
Defining X s ϭ͓X T T ͔ T , Eq. ͑8͒ can be written as
The measured outputs for the controller are the absolute accelerations of the base, the structure, and the ground
where vϭmeasurement noise. The responses to be regulated are the displacements, velocities, and accelerations of the base and structure. Then, the regulated outputs are represented as
The performance index to be minimized in selecting the desired optimal force f opt is given by
where Q and rϭweightings for regulated outputs and damper force. The desired optimal force using the H 2 /LQG strategy is given by
where X s ϭstate vector estimated by the Kalman filter. To track the optimal force f opt , Dyke et al. ͑1996͒ proposed a clipped-optimal switching, defined by
where ϭvoltage to the current driver associated with saturation of the magnetic field in the MR damper, and H͑•͒ is the Heaviside step function. This control algorithm has the benefit that a model of the damper is not required in the control design. Because the sensor outputs in the experiment include some dc offset and noise, the desired force also includes an offset as well as noise. The influence of these errors is significant in the case of small vibration. Thus, the controller may send an incorrect signal to the damper, especially for ambient vibration. In this experiment, an alternative clipped-optimal control with a threshold is proposed in which the control voltage remains zero below minimum force, f min , i.e., 
otherwise (16) A schematic of the proposed clipping scheme is shown in Fig. 9 . Herein, the minimum force is set to 4.3 N. Historical earthquake records are used for the input motion. As the shaking table uses displacement feedback, the acceleration records have to be integrated twice and scaled before being sent to the shaking table. To avoid divergence due to the dc component of the signal in the integration, a high-pass filter with a cutoff frequency of 0.3 Hz is applied to the acceleration records. The power spectral density ͑PSD͒ of the experimental acceleration is compared with earthquake records in Fig. 10 . The PSD of the experimental acceleration is less at low frequencies. In contrast, the PSD of the experimental acceleration is larger at the higher frequencies. However, satisfactory reproduction of the acceleration is achieved at the frequencies of the first two modes of the structure. For control design purposes, the input shaping filter W(s), whose transfer function is also shown in Fig. 10, is Because the MR damper can only produce dissipative forces, the optimal control force designed by the H 2 /LQG method and then clipped is not guaranteed to be the optimal control for the smart damping system. Therefore, an optimal switching plane is sought by examining several weightings for the H 2 /LQG controller. Numerical results for the simulated El Centro NS earthquake with a maximum acceleration of about 0.2 g are shown in Fig. 11 . Several controllers with different weighting are investigated. Most of the controllers using the proposed clipped-optimal control strategy, especially in the case of velocity weighting of the base, can reduce acceleration of the base and structure more effectively than the passive system. However, the controller commanding the largest forces does not reduce acceleration response effectively. From these simulation results, the optimal controller that reduces both the maximum and RMS structural acceleration is obtained by weighting the velocity of the base as shown in Fig.  11 and designated with the circle. This controller can also reduce base acceleration better than passive mode. This optimal control design is used for all of the experimental results for the smart isolation system reported in this paper.
For implementation on the digital controller, the controller is transformed to a discrete time controller using the bilinear transformation ͑Quast et al. 1995͒ to obtain Fig. 9 . Clipped-optimal controller with threshold strategy Fig. 10 . Reproduced acceleration and input shaping filter ͑El Centro NS component, time scale factor: 1/3͒
Experimental Results
The proposed smart base isolation system employing MR dampers was experimentally investigated and compared with the optimal passive base isolation system with the MR damper operated in constant current mode. To demonstrate the effectiveness of this system for different levels and types of seismic events, three earthquake records are considered: 1. Strong El Centro NS: maximum ground motion is scaled to 0.2 g ͑0.44 g for prototype͒; 2. Moderate El Centro NS: maximum ground motion is scaled to 0.07 g ͑0.16 g for prototype͒; and 3. Strong JMA Kobe NS: maximum ground motion is scaled to 0.46 g ͑1.04 g for prototype͒. As described previously, the passive damper employed in this experiment is experimentally optimized for the strong El Centro NS earthquake record ͑see circles marked in Fig. 6͒ . The smart damping strategies investigated herein were designed using the procedure described in the previous section to minimize the structural acceleration due to the strong El Centro NS earthquake record ͑see Fig. 11͒ . Fig. 12 shows experimental results for the smart isolation system subjected to the strong El Centro NS earthquake record. As seen here, the measured force provided by the MR damper tracks the desired control force commanded by the clipped-optimal strategy quite well. Compared to the case without the damper, acceleration response and base drift are reduced substantially. The maximum structural acceleration is reduced from 96.2 cm/s 2 ͑without damper͒ to 52.5 cm/s 2 ͑with smart damper͒. Compared to the input ground acceleration ͑peak acceleration of 198.5 cm/s 2 ͒, the peak acceleration for the structure employing the smart damper showed an attenuation of 73.6%.
Figs. 13 and 14 compare experimental results for optimal passive and smart damping strategies. Tables 2 and 3 summarize the maximum and RMS responses. The passive damper optimized for the strong El Centro NS earthquake record can reduce the acceleration response due to the target earthquake. However, in the case of the moderate El Centro NS earthquake record, the base and structural accelerations for the optimal passive system are worse than the corresponding responses with no damper installed. On the contrary, the smart isolation system can reduce responses due to both the strong and moderate El Centro NS earthquake records. Compared to the optimal passive system, acceleration reductions for the smart isolation systems range from 25-35% better in the case of the strong earthquake, and 45-60% better in the case of the moderate earthquake. For the JMA Kobe NS earthquake record with a maximum acceleration of 455.6 cm/s 2 , which corresponds to 1,034 cm/s 2 for the prototype structure, the smart isolation system can achieve from 10 to 25% better performance than the optimal passive damper.
Note that the optimal passive hysteretic damper generates almost the same maximum force for all three earthquake records. On the other hand, the smart isolation system adapts to the situation, generating smaller forces for the case of a moderate earthquake and larger forces for strong earthquakes. Although this property is similar to the passive viscous dampers, Spencer et al. ͑2000͒ showed that the viscous dampers are not as effective as the smart base isolation systems. Note that during a moderate earthquake, although the base drift of the smart isolation system is larger than for the optimal passive system, it is still smaller than the base drifts during a severe earthquake. Indeed, one would like to have larger drifts during a seismic event, so long as the seismic gap of the isolation system is not exceeded. Fig. 15 shows the PSD of the acceleration response due to both the strong and the moderate El Centro NS earthquake records. The first mode is dominant in the acceleration response Experimental result due to strong El Centro NS earthquake record without the damper. In both cases, the passive and smart controllers can reduce this first mode response well. However, the response is amplified, as compared to the case without the damper, in the frequency range from 2 to 8 Hz for the case with the optimal passive damper. This tendency is particularly notable for a moderate earthquake. This frequency range encompasses the natural frequency of the fixed based superstructure, 5.2 Hz ͑see Table 1͒ . Therefore, because the damping force generated by the passive damper is relatively large in the case of a moderate earthquake, the superstructure is behaving, to a great extent, as a fixed base structure. In the case of a smart damper, responses at higher frequencies are much smaller. Fig. 16 shows how the input ground acceleration is attenuated in the structure. The percent attenuation of the peak structural accelerations over the peak input ground acceleration is shown versus the peak acceleration of the El Centro earthquake scaled to various levels. As seen here, the passive hysteretic dampers optimized for a strong earthquake cannot effectively reduce the struc Fig. 13 . Experimental acceleration response of structure due to scaled El Centro NS earthquake records Fig. 14 . Experimental acceleration response of structure due to JMA Kobe NS earthquake record tural acceleration response due to moderate earthquakes. On the other hand, the smart damping system is effective for the entire range of earthquakes, indicating that the smart damping control strategy is quite insensitive to the magnitude of the ground motion.
Conclusions
The performance of a smart isolation system for the base-isolated two-degree-of-freedom structural model employing MR fluid dampers has been investigated. The efficacy of this smart base isolation system in reducing the structural responses for a wide range of loading conditions has been demonstrated in a series of experiments conducted at the Structural Dynamics and Control/ Earthquake Engineering Laboratory at the Univ. of Notre Dame. An analytical model of the MR damper employing the Bouc-Wen hysteresis has been presented. A modified clipped-optimal control strategy has been proposed and shown to be effective. By applying a threshold to the control voltage for the MR damper, the controller becomes robust for the ambient vibration. The dynamic behavior of this system is also shown to be predictable. Results for the smart isolation system were compared to those where the MR damper was operated in a passive mode ͑i.e., with a constant Note: % reduction over optimal passive defined by ͑Optimal Passive-MR Damper͒/Optimal Passiveϫ100. Note: % reduction over optimal passive defined by ͑Optimal Passive-MR Damper͒/Optimal Passiveϫ100. current being sent to the MR damper͒. In the passive mode, the MR damper behaves as a yielding device and approximates the behavior of lead rubber bearings. An optimization was performed experimentally to obtain the optimal passive damper configuration. As compared to this optimal hysteretic passive system, the smart isolation system achieved significant acceleration reductions over the entire range of earthquake intensities considered. These results indicate that the smart damping isolation system can be effective over a wide range of ground motion intensities and characteristics.
